During transcription elongation through chromatin, the Ser2-phosphorylated C-terminal repeat domain of RNA polymerase II binds the C-terminal Src homology 2 (SH2) domain of the nucleosome re-assembly factor Spt6. This SH2 domain is unusual in its specificity to bind phosphoserine, rather than phosphotyrosine and because it is the only SH2 domain in the yeast genome. Here, we report the high-resolution crystal structure of the SH2 domain from Candida glabrata Spt6. The structure combines features from both structural subfamilies of SH2 domains, suggesting it resembles a common ancestor of all SH2 domains. Two conserved surface pockets deviate from those of canonical SH2 domains, and may explain the unusual phosphoserine specificity. Differential gene expression analysis reveals that the SH2 domain is required for normal expression of a subset of yeast genes, and is consistent with multiple functions of Spt6 in chromatin transcription.
Introduction
The gene encoding Spt6 was originally identified in a genetic screen in yeast as a suppressor of transposon insertion in the promoter region of a reporter gene. 1 Spt6 was later described as an essential nuclear protein. 2, 3 Like Spt4 and Spt5, Spt6 is required for transcription elongation, 4, 5, 31, 70 and co-localizes with Spt5 and RNA polymerase (Pol) II at transcriptionally active loci on Drosophila polytene chromosomes. 6, 7 Spt6 interacts with the structured part of histone H3 and can deposit nucleosomes on DNA in a supercoiling assay. 8 Loss of normal Spt6 function leads to transcription from cryptic promoters within the coding region of genes, 9 suggesting that Spt6 is required to reestablish correct chromatin structure after Pol II passage. Spt6 also has a role in the re-assembly of nucleosomes in promoter regions, and is required for repression of transcription reinitiation. 10 Mutations in Spt6 influence mRNA 3′-end formation, 11 splicing, and mRNA export. 12 Spt6 is associated with the Pol II machinery, 6, 7 , and its SH2 domain is apparently important for this. Spt6 binds to Spt5 4, 5 , and occupies the 5′-region of the uninduced heat shock gene hsp70. 6 In vivo, Spt6 and Spt5 co-localize with actively transcribing Pol II that is phosphorylated at Ser2 of the C-terminal repeat domain (CTD) of the Pol II largest subunit. 7 In vitro, the C-terminal region of mouse Spt6, which includes the SH2 domain, binds the Ser2-phosphorylated CTD, and this interaction is required for normal mRNA processing and exit from the nucleus. 12 The Spt6 SH2 domain is of special interest because it apparently has phosphoserine-binding specificity, whereas SH2 domains generally bind to phosphotyrosine-containing peptides. Further, it is the only SH2 domain encoded in the yeast genome 13 and thus may represent an ancestor of the large variety of SH2 domains encoded in the genome of higher eukaryotes. SH2 domains are highly abundant in animal cells as adaptor modules that connect proteins in tyrosine kinase pathways, and are important mediators in cellular signaling. 14, 15 Structural information is available for SH2 domains and their complexes with phosphopeptides, including that of the Src SH2 domain-phosphopeptide complex. 16 SH2 domains can be divided into two structural subfamilies: the Src-type and the STATtype subfamilies. 17 Whereas both families of domains share a central fold, the Src-type domains contain an extra β-sheet (βE-βF motif) that participates in the read-out of residues C-terminal to the phosphotyrosine, 16 and the STAT-type domains show an extended helical structure at their Cterminus (αB' and αB). Phosphorylated peptides bind two pockets on the SH2 domain surface, one that recognizes the phosphorylated tyrosine side chain, and one that contacts residues C-terminal of the phosphotyrosine, generally at register +3. Binding of the peptide to the second pocket is a major determinant of the interaction specificity. 18 Although in some cases binding of phosphoserineand phosphothreonine-containing peptides to SH2 domains has been reported, 19, 20 there is no structural information on the interaction of a SH2 domain with peptides other than those containing phosphotyrosine.
Here, we report the high-resolution structure of the SH2 domain of Spt6, suggest a model for how this domain binds to the phosphorylated Pol II CTD, and show that the domain is required for normal expression of a subset of yeast genes. Comparison of known SH2 domain structures reveals that the Spt6 SH2 domain structure is intermediate between SH2 domains of the two subfamilies in higher eukaryotes, reflecting the likely structure of the common ancestor of all SH2 domains.
Results

Structure determination of the Spt6 SH2 domain
To delineate the borders of the SH2 domain in Spt6, we expressed and purified a C-terminal fragment of Spt6 from the yeast Saccharomyces cerevisiae (residues 1251-1378) and subjected the pure protein to limited proteolysis (Materials and Methods). This analysis, together with predictions based on known SH2 domain structures, 21 suggested that the domain comprises residues 1251-1349. Crystallization trials with the corresponding recombinant domain from S. cerevisiae, Schizosaccharomyces pombe, Candida glabrata, and Homo sapiens resulted in crystals for the C. glabrata SH2 domain, 29 and alignment of amino acid sequences of the Spt6 SH2 domains of C. glabrata (C.g.), S. cerevisiae (S.c.), S. pombe (S.p.), M. musculus (M.m.), and H. sapiens (H.s.). Secondary structure elements are indicated above the alignment (cylinders for α helices, arrows for β strands). Invariant and conserved residues are highlighted in green and orange, respectively. The red box indicates the invariant arginine R1281 that binds the phospho group. Stars indicate the positions where methionine was introduced for selenomethionine phasing (Materials and Methods). Residues forming the hydrophobic core are marked with a triangle. HtH, helix-turnhelix domain, binds to double-stranded DNA; YqgFc, predicted to be resolvase or ribonuclease, but in Spt6 catalytic residues are exchanged, thus probably not active; HhH, triple-helix-domain, binding of double-stranded DNA; S1, RNAbinding domain. which is highly homologous to that of other eukaryotic species (Fig. 1) . The X-ray structure was solved at 1.9 Å resolution by introduction of selenomethionine residues and multiwavelength anomalous diffraction (crystal A, Table 1, Methods) . A second, independent structure was obtained in a different crystal form at 2.4 Å resolution by molecular replacement (crystal B, Table 1 , Materials and Methods).
Unique fold of the Spt6 SH2 domain
The structure reveals the classical core fold of SH2 domains, 18 with a central three-stranded antiparallel β-sheet (βB-βD) sandwiched between two α-helices (αA and αB, Fig. 1b) . In addition to this core fold, the structure contains an α-helix N-terminal of αA (called αL here), a small anti-parallel β-sheet inserted between βB and βD (βE-βF), loops βB-βC and βD-βE that both adopt alternative conformations in the two different crystal forms (Fig. 1c) , and an extended C-terminal α-helix (Figs. 1b and 2 ). In addition, Spt6 lacks a phenylalanine in the βB core motif that contains the phosphate-binding arginine (green in Fig. 2 ). This phenylalanine is highly conserved only in STAT-type domains. 17 To investigate how these structural features are related to known SH2 domain structures, we compared the new structure to known SH2 domain structures, including 32 of the Src-type family and four of the STAT-type (Supplementary Data Table  S1 ). Whereas the βE-βF motif is found only in the Src-type subfamily 17 , helix αL is a feature that occurs adjacent to several SH2 domains of both subfamilies, 22 and might be related to a preceding linker domain, as first observed in STAT proteins (Fig. 2) . 23, 24 The extended helix B is almost twice as long as the respective helices in known SH2 structures, except for the APS SH2 domain, 25 a feature that might resemble the extended helix αB' seen in STAT domains. Taken together, the yeast Spt6 SH2 domain combines structural features from both SH2 subfamilies of higher eukaryotes.
Conserved phospho-binding site
The domain surface shows a conserved patch that includes a small pocket (pocket 1, Fig. 3 ) that contains an invariant arginine residue (R1281). This arginine is present in all known SH2 domains and interacts directly with the phosphate group of the target phosphopeptide in the SH2 domainphosphopeptide complex (Fig. 3) . 26 In our crystals, R1281 binds a succinate ion that was present in the crystallization buffer. R1281 side chains from two neighboring domains in the crystal each bind a carboxylate of the succinate ion (Fig. 3b) . This observation is consistent with a high affinity of pocket 1 for negatively charged chemical groups, and the conserved phospho-binding function of R1281. Indeed, mutation of R1281 decreased the interaction of the SH2 domain with the phosphorylated CTD in vitro. 12 We modeled the possible CTD interaction with the use of the known Src SH2 domain-phosphopeptide complex structure (Fig. 3d) . 16 We chose the Src-SH2 domain, because it shows the highest degree of similarity in a structural comparison using the DALI-server, 65 and because it is well described in the literature. The two structures were superimposed with their conserved residues in the central β-sheet of the core domain fold. The phospho-binding pockets are highly similar in structure (Fig. 3d) . The positions of Cα atoms of the residues that form pocket 1 are essentially identical, except for the residues of the phosphate-binding loop βB-βC that deviates slightly from those of Src (broken blue line in Fig. 3d) . However, the Spt6 residue R1281 aligns perfectly with the phosphotyrosine-binding residue R175 of Src and is thus in a position to make contacts with the phosphate by specific hydrogen bonding interactions between the two terminal nitrogen and two phosphate oxygen atoms as partially mimicked by the succinate (Figs. 3b and e) . Additional contacts of the phosphate group are likely conserved, including hydrogen bonds to a backbone amide (E178 in Src, S1284 in Spt6) and to the side-chain hydroxyl group of at least one of two residues (S177 and T179 of Src, apparently corresponding to S1283 and S1284, respectively, of Spt6).
Unusual phosphoserine specificity
Whereas the contacts to the phosphate group are likely conserved, modeling suggests that contacts to an aromatic ring of a phosphotyrosine side chain are apparently not possible in the Spt6 domain, consistent with binding to a phosphoserine peptide. The specific recognition of the phosphotyrosine aromatic ring by Src is realized by amino-aromatic interactions, where the π-electrons of the aromatic ring interact with the amino groups of residues R155 and K203 in Src (Fig. 3e) . The aromatic ring of the phosphotyrosine is sandwiched between these two residues (Fig. 3d) . While the two residues corresponding to Src residues R155 and K203 are conserved in the majority of SH2 domains, some SH2 domains lack one of them (Supplementary Data  Table S1 ). However, the SH2 domains of Spt6 and Cbl are the only SH2 domains within our structural comparisons, in which both residues are not conserved. Src residues R155 and K203 are replaced by residues G1263 and D1305 in Spt6. The negatively charged residue D1305 was observed only in Spt6 and could repel aromatic π-electrons, consistent with the selection of serine over tyrosine, but may also form a salt bridge with residue R1285 of loop βB-βC (Fig. 3e) . The alignment shows also that pocket 1 is shallower in Spt6 than in Src (Fig. 3f) . Thus, the Spt6 pocket 1 is suited for phosphate binding, and R1281 is more readily accessible from the solvent than in the Src SH2 domain, enabling its interaction with a short phosphorylated serine side chain.
Model for CTD binding
In the structure of the human Src protein with its high-affinity target peptide, 16 the peptide runs across the binding surface from pocket 1 to pocket 16 ), of D. discoideum STATa (magenta 43 ), and of C. glabrata Spt6 (blue, this work). The βE-βF-motif is colored green, the Spt6 helix αL, as well as STATa linker domain helix α11 are colored yellow. The remainder of the STAT linker domain is colored gray. Alignments of the SH2 βB core motif of five representative sequences are shown below each structure (hs, H. sapiens; dm, D. melanogaster; at, A. thaliana; dd, D. discoideum; nc, N. crassa; sc, S. cerevisiae; cg, C. glabrata; sp, S. pombe). The highly conserved arginine residue that binds the phospho group is highlighted in red, a conserved phenylalanine residue that is a feature of STAT-type domains is highlighted in green. A highly conserved phenylalanine that is variable in Spt6 is in cyan. 16 PDB code 1SPS). The phosphopeptide bound to the SH2 domain is shown as a stick model in red, only four residues of the original structure are shown. (d) Superposition of the Src SH2 domain-phosphopeptide complex structure (orange/red 16 ) and the Spt6 SH2 domain (blue). Structures were aligned using the most conserved residues (G1276-R1281, L1290-K1295, Q1302-E1308) of the central β-sheet strands. The β-sheets aligned very well, resulting in an RMSD of 0.4 Å for 19 C α atoms. A close-up view of the phospho-binding site is shown at the right. Src residues that interact with the phosphotyrosine are in orange, and corresponding residues in Spt6 are in blue. The broken blue line indicates the position of loop βB-βC of Spt6. (e) Conservation of the phospho-binding pocket. The modeling in d was used to delineate the Spt6 residues predicted to be involved in phospho group binding based on the Src SH2 domain-peptide complex structure. Interactions of Src residues with the phosphotyrosine 26 are in orange, and potential corresponding interactions of the Spt6 residues with the phospho group are in blue. Phospho-mimetic interactions of residues with succinate are in green. Stars indicate the residues depicted in d. (f) Different shape of the phospho-binding pocket. The molecular surfaces of the phospho-binding pockets in Spt6 and Src are in blue and orange, respectively, and the phosphotyrosine residue of the peptide bound to Src is in red. Fig. 3c, right) . The polarity is dictated by the interaction of the phosphotyrosine with pocket 1 and an isoleucine C-terminal of the phosphotyrosine with pocket 2. This binding mode is used by most SH2-domains ("two-pronged plug") and likely also by the SH2-domain of Spt6, since a stretch of conserved surface residues extends from pocket 1 to a second pocket (pocket 2, Fig. 3a ).
(
In Src, pocket 2 is important mainly for substrate specificity, 16, 27 and accommodates the residue that is three residues C-terminal of the phosphotyrosine (Fig. 3c) . Due to the shorter side chain of the phosphoserine, this register would shift to the peptide N-terminus, as suggested by modeling (not shown). This would bring residues at position +3 to +5 in the proximity of pocket 2 (Fig. 4, left) . Pocket 2 is negatively charged in Spt6, whereas it is slightly positively charged in Src and is hydrophobic or positively charged in most SH2 domains. Amongst ten Src-type and four STAT-type SH2 domains that we picked randomly (Supplementary  Data Table S1 ), pocket 2 was negatively charged in only two domains, but generally hydrophobic or positively charged (Fig. S2) . The unusual negatively charged pocket 2 may be important for specific phosphopeptide binding.
Assuming that a Ser2-phosphorylated CTD peptide runs along the conserved surface patch towards pocket 2 (Fig. 3a) , the CTD residues Ser5, Pro6, and Ser7 at register +3, +4, and +5, respectively, from the phosphoserine would be in proximity of pocket 2 and thus could be crucial for the discrimination between different CTD phosphorylation states. If Ser5 is phosphorylated, the binding determinants change. The phosphorylated Ser5 could also bind to pocket 1, which would position Tyr1 of the CTD in the vicinity of pocket 2 (Fig. 4) . Selection could be accomplished in this position by rejection of the bulky tyrosine side chain in comparison to a serine, which resides in this position in the Ser2-phosphorylated peptide. A tyrosine in position +3 would probably result in a lower hydrogen-bonding potential between surface residues and the peptide. In the case of a CTD that is doubly phosphorylated at Ser2 and Ser5, binding of the phosphorylated Ser2 to pocket 1 would position the phosphorylated Ser5 near pocket 2. The negatively charged pocket 2 most likely cannot bind the phosphorylated Ser5 residue (Fig. 4) . Taken together, our modeling efforts offer an explanation of why the Spt6 SH2 domain binds to the Ser2-phosphorylated CTD and not to CTD phosphorylated at Ser5, 12 but the resulting rationale awaits experimental confirmation.
The SH2 domain is insufficient for binding short CTD phosphopeptides
To test our model for CTD binding by the Spt6 SH2 domain, we tried to co-crystallize the complex, unfortunately without success. We also tried to soak phospho-CTD peptides into SH2 domain crystals, in particular with the use of crystal form B, in which the putative peptide-binding pocket was not involved in crystal contacts, also without success, likely because of the high ionic strength of the crystallization conditions (4.3 M NaCl, Materials and Methods). Thus, despite extensive trials we were unable to obtain structural information on the SH2 domain-CTD peptide complex.
We next tested whether the Spt6 SH2 domain binds to short CTD-derived peptides that were phosphorylated at Ser2 residues. We tested the SH2 domains of Spt6 from S. cerevisiae (residues 1251-1351) and human (residues 1327-1427), and used two different peptides, one comprising a single CTD heptad repeat and a single phosphorylated Ser2 (pS), and one comprising two repeats and two phospho-Ser2 residues (SPSYpSPTS and YpSPTSPSYpSPTSPS, respectively). We assayed binding by fluorescence anisotropy, by surface plasmon resonance (BIAcore), and by isothermal titration calorimetry, but could not detect significant binding. The published Spt6-CTD interaction 12 used a C-terminal region of mouse Spt6 that included the SH2 domain, and the adjacent C-terminal region (residues 1295-1496, whereas the SH2 domain contains residues 1327-1427). We conclude that the SH2 domain alone and/or short CTD fragments are apparently insufficient for an interaction between Spt6 and Pol II. Since mutation of the invariant arginine residue abolished CTD binding, the SH2 domain is involved in the interaction. However, stable CTD binding apparently requires a flanking region C-terminal to the domain and/or multiple phospho-CTD repeats, which are not readily available in large quantities.
While this manuscript was under consideration, a publication appeared that supported these findings. In particular, a C-terminal fragment of murine Spt6 (residues 1162-1726) that contains the SH2 domain did not bind to a Ser2-phosphorylated tandemrepeat CTD peptide, but bound to the N-terminal half of the CTD, which contains a stretch of 15 consensus repeats. 66 Thus, interactions that are not predicted by our modeling (Fig. 4) may occur between the SH2 domain and a longer CTD peptide.
Functional architecture of Spt6
The central region of Spt6 shows homology to the bacterial Tex protein, which is involved in toxin gene expression. 28, 29 The recently reported X-ray structure of Tex revealed the folds and relative position of domains HtH, YqgF, HhH, and S1 in the conserved central region. 29 Spt6 additionally contains an acidic N-terminal region, which might interact with nucleosomes, the C-terminal SH2 domain, and short regions flanking the SH2 domain. The previously published model of Spt6 can now be extended with our structure of the SH2 domain (Fig. 5) . 29 To construct an updated model, we mapped 13 sequence insertions (Supplementary Data Fig. S1 ) in Spt6 onto surface regions within the Tex structure (Fig. 5) , and added the structure of the SH2 domain. The model illustrates the relative sizes and locations of the various regions of the modular Spt6 protein, and the potential interaction surfaces of Spt6. 
Requirement of the Spt6 SH2 domain in vivo
To investigate the importance of the Spt6 SH2 domain in vivo, we carried out Affymetrix gene expression profiling (Affymetrix GeneChip Yeast Genome 2.0) with a yeast strain lacking the C-terminal region of Spt6 that includes the SH2 domain 30 (strain spt6ΔC-TAP, Materials and Methods). This mutant strain shows a significant slow-growth phenotype (Supplementary Data Fig. S3 ). Compared to the wild type strain, 204 out of 5665 genes that were present on the array showed significantly altered mRNA levels using a fold-change cut-off value of N +2.0 or b -2.0. Thus, the Spt6 SH2 domain is necessary for the correct expression of a subset of yeast genes. Of the significantly altered mRNA levels, 101 were up-regulated and 103 were down-regulated.
Western blotting revealed that deletion of the SH2 domain increases the Spt6 protein levels about fivefold in vivo (Fig. 6a) . To exclude the possibility that the changes in gene expression result from different protein levels rather than deletion of the domain, we generated and analyzed a yeast strain in which full-length Spt6 levels were increased by replacing the endogenous promoter with the strong adh1 promoter. In this strain, Spt6 protein levels were approximately 15-fold higher than in wild type cells (Fig. 6a) , whereas the growth rate was similar to that of the isogenic wild type strain in YPD liquid culture and on YPD solid medium ( Supplementary  Data Fig. S3 ). Correlation studies and hierarchical cluster analysis of gene expression profiles from this strain indicated a very high similarity to the wild type strain ( Fig. 6c; Supplementary Data Fig. S4) . Thus, the changed expression levels observed for the Fig. 6 . Deletion of the SH2 domain alters Spt6 levels and the expression of a subset of genes. (a) Western blot showing the relative Spt6 levels in the three strains that were used in gene expression analysis. The approximate level of overexpression is indicated at the bottom (see Materials and Methods). (b) Hierarchical cluster analysis of genes that showed altered mRNA levels (fold change N 2.0 or b -2.0) in at least one of the Pol II elongation factor gene deletion strains or the ADH-spt6-TAP strain. In total, the cluster diagram was calculated for 964 yeast genes of dst1Δ, spt6Δ C (as compared to a wild type and to an over-expression strain), spt4Δ and rtf1Δ mutant strains, given in lanes 1, 2, 3, 4 and 5, respectively. Each row corresponds to a particular gene and each column corresponds to a particular elongation factor mutant strain. Changes in mRNA levels compared with the isogenic wild type strain are depicted in red (increase), green (decrease), black (no change; see intensity bar), or gray (no corresponding fold-change value). Both rows and columns were clustered using a hierarchical cluster algorithm (Materials and Methods). The dendrogram for column clustering is shown. (c) Cluster analysis of microarray samples. Each box within the tree represents one microarray sample. The spt6-TAP (wild type), ADH-spt6-TAP (over-expressed wild type), and spt6ΔC-TAP (mutant) samples are indicated in black, gray and white, respectively. Samples with similar gene expression profiles are joined to form distinct clusters. Euclidean distance was used as the distance metric and average linkage as linkage method. The hierarchical clustering was performed with the Partek Genomics Suite 6.4 software package. spt6ΔC-TAP strain resulted from deletion of the SH2 domain rather than the up-regulation of mutant Spt6 protein levels in this strain.
We analyzed biological processes that were affected significantly by deletion of the SH2 domain with the Gene Ontology Enrichment Analysis Software Toolkit (GOEAST) and the web-based Gene Ontology (GO) tools (Table 2 , Materials and Methods). This analysis showed that very diverse biological processes were over-represented, including genes involved in carbohydrate transport, copper ion import, and in the response to pheromones. A deconvolution of gene expression microarray data is generally difficult, as it represents the results of primary and secondary effects during gene expression. Indeed, nine genes of transcription factors 34 are contained in our list of differentially expressed genes (Supplementary Data Fig. S5b) , suggesting that secondary effects play a role. We nevertheless aimed to detect a possible global, chromatin-related function of the SH2 domain in the transcriptome data with use of correlation analysis. We first investigated whether the deregulated genes correlate to genes described to show cryptic transcription initiation in a spt6 mutant 33 that carried an internal deletion of amino acids 931-994 (corresponding to 930-993 in C. glabrata and comprising the HhH-domain that is purple in Fig. 5 ). Fig. S5a ). 33 We also investigated whether our set of differentially expressed genes shows any correlation with gene length or an unusual number of associated nucleosomes. 32 Again, we could not find significant correlations. These results are consistent with the proposed role of the SH2 domain in targeting Spt6 to transcribed genes, irrespective of the type of gene, and with a general function of Spt6 in chromatin transitions and transcription-coupled processes, rather than a role in the regulation of specific genes.
Cooperating elongation factors have distinct cellular functions
To analyze whether the expression of similar genes is affected by deletion or mutation of different Pol II elongation factor genes, we compared our gene expression data to data available for the yeast strains dst1Δ (DST1 is the gene encoding TFIIS), 67 spt4Δ, and rtf1Δ. 34 We expected similarity between these data sets, since Spt6 interacts genetically with TFIIS, 5 and with the Rtf1-containing Paf1 complex, 35, 36 and since Spt6 binds the Spt4-Spt5 complex. 37 An unsupervised hierarchical cluster analysis showed that the differential expression data from the spt4Δ and rtf1Δ strains form a distinct cluster within a dendrogram, indicating similarity of their gene expression profiles (Fig. 6b, lanes 4 and 5, Materials and Methods). However, the spt6ΔC-TAP mutant (as compared to the wild type or over-expression strain) exhibits a very different expression profile (Fig. 6b, lanes 2 and 3) , suggesting that the function of the Spt6 SH2 domain is clearly distinct from the functions of Spt4-Spt5 and the Paf1 complex in vivo. This analysis additionally revealed that dst1Δ showed the most distinct expression profile (Fig.  6b, lane 1) , perhaps because TFIIS is required during elongation and during initiation. 38, 39 Additional correlation studies confirmed these results (Supplementary Data Fig. S4b ). Taken together, deletion or mutation of various elongation factor genes results in different changes in the transcriptome, despite the observed genetic and physical interactions between these factors.
Discussion
We report the structure of the Spt6 SH2 domain, the only SH2 domain encoded in the genomes of lower eukaryotes, and demonstrate its importance for normal gene expression in vivo. Proteins that contain SH2 domains occur to various extents in the different eukaryotic taxa (Fig. 7a) . Dictyostelium discoideum, an organism that can switch between single-celled and multicellular lifestyles, contains 12 different SH2 domain-containing polypeptides. 40, 41 Human cells contain 120 SH2 domains, distributed over 110 proteins, that are generally involved in phosphotyrosine recognition during signaling. 42 The high abundance of SH2-containing proteins in animal cells likely reflects the need for fine-tuned intercellular signaling. Since Spt6 is found at the root of the eukaryotic tree, its SH2 domain can be regarded as an ancestor of the many structurally diverse SH2 domains in higher eukaryotes (Fig. 7a) .
The Spt6 SH2 domain contains structural features from both structural families of SH2 domains that exist in higher eukaryotes. The relationship to Srctype domains in metazoan cells is revealed by the presence of a βE-βF sheet and a phylogenetic tree (Fig. 7b) , in which Spt6 clusters together with Srctype family domains. This observation is strengthened by a structural comparison to other SH2 domains using the DALI server, 65 where the Spt6 SH2 domain shows a higher degree of similarity to Src-type than to STAT-type domains (Supplementary Data Table S1 ). On the other hand, the Nterminal helix αL could resemble part of a primitive The significantly enriched GO terms, the GO identifiers, and the corresponding p-values are shown. Subgroups of GO terms (parent-child relationships) are indicated hierarchically. All GO analysis was performed with the web-based software toolkit GOEAST. 60 or degenerated linker domain, which was characterized in STAT proteins (Fig. 2) . In human STAT-1, 24 and D. discoideum STATa, 43 this α-helix is named α11 and αN, respectively (yellow in Fig. 2 ). In the Spt6 SH2 domain, the N-terminal helix αL is in a fixed position, as it is anchored on the core fold by hydrophobic contacts and a salt bridge between R1251 and D1330. Apparently, helix αL is part of the ancient SH2 domain fold and may have been extended into a helical linker domain during the evolution of STAT proteins. A specific feature of the Spt6 SH2 domain is an unusually long C-terminal helix αB, which has be seen only in the SH2 domain of the adaptor protein APS, a substrate of the insulin receptor. 25 These long C-terminal helices are not observed in Src-type domains (Supplementary Data  Table S1 ) and probably are related to the BB' helical structures in STAT-type domains.
The Spt6 SH2 domain contains a unique peptidebinding site. Like other SH2 domains, the Spt6 SH2 domain has two surface pockets, pocket 1 and pocket 2, which are likely involved in binding the phosphorylated residue and a residue C-terminal of the phospho-amino acid, respectively. Pocket 1 contains an invariant arginine that can bind the phospho group, but is shallower and lacks residues that could recognize an aromatic ring, inconsistent with phosphotyrosine binding, but consistent with phosphoserine binding. Pocket 2 is highly negatively charged, in contrast to most other SH2 domains, where it is either positively charged or neutral. These unusual features of the structure strongly suggest the basis of the unique phosphoserine (rather than phosphotyrosine) specificity of this SH2 domain. Conformation of this model awaits a complex structure that we were not able to obtain due to the experimental limitations of the system.
A genomic deletion of the Spt6 C-terminal region that comprises the SH2 domain decreased cell growth rate, increased Spt6 protein levels, and altered the expression levels of a subset of yeast genes. The deregulation of these genes was generally due to the deletion of the SH2 domain, since over-expression of wild type Spt6 did not lead to any significant changes in the transcriptome. The deregulated genes did not correlate with the gene length, the number of associated nucleosomes, or the previously reported set of genes that show cryptic transcription upon Spt6 mutation. These results support the view that Spt6 has multiple functions, including nucleosome assembly, RNA splicing, and mRNA export. Taken together, our results provide structural information on the unique SH2 domain in yeast, demonstrate the relevance of this domain in vivo, and help us to understand the unusual target specificity and evolutionary implications of this domain.
Materials and Methods
Sample preparation
DNA containing the SH2-domain of Spt6 (residues 1250-1348) was amplified by polymerase chain reaction from C. glabrata genomic DNA and was cloned into the pET28b expression vector (Novagen). This results in an open reading frame that encodes the SH2-domain with an N-terminal His 6 tag connected by a thrombin cleavage site. The sequence was modified by introduction of codons for methionine residues (L1309 and L1317) by the overlap extension method. The resulting variant was used for selenomethionine-labeling as described. 44, 45 The SH2 domain was expressed overnight at 18°C in Escherichia coli BL23 (DE3) CodonPlus RIL cells (Stratagene). Cells were harvested, resuspended in 50 mM Tris-HCl at pH 8.0, 1 M NaCl, 10 mM β-mercaptoethanol and lysed by sonication. The cell extract was cleared by centrifugation and subjected to affinity chromatography on a nickelnitrilotriacetic acid column (Qiagen), followed by an overnight cleavage of the His 6 tag with thrombin at 4°C and dialysis. The tag-free protein was collected by passage through a second Ni-NTA column. The flowthrough was concentrated and subjected to size-exclusion chromatography (Superose12, GE Healthcare) equilibrated with 50 mM Tris pH 8.0, 200 mM NaCl, 5 mM dithiothreitol. Peak fractions were collected and pure proteins were concentrated to 15 mg/ml.
Limited proteolysis
For trypsin and chymotrypsin treatment of purified protein samples, 100 μl of purified Spt6 SH2-domain at a concentration of 1 mg/ml was mixed with 1 μg of the corresponding protease. The reaction was carried out in the size-exclusion buffer, supplemented with 1 mM CaCl 2 . The reaction mixture was incubated at 37°C. Aliquots of 10 μl were taken at different timepoints (usually after 1, 3, 5, 10, 30, and 60 min) and the reaction was stopped immediately by the addition of 5 × SDS sample buffer and incubation at 95°C for 5 min.
All samples were analyzed by SDS-PAGE. The N-termini of digestion products were analyzed by Edman-sequencing.
Crystal structure analysis
Crystals of form A were grown at 20°C by the hangingdrop, vapor-diffusion method using a reservoir solution containing 100 mM Hepes pH 7.0, 1 M succinic acid, 1% (v/v) polyethylene glycol 2000 monomethyl ether (MME), 5 mM Tris(2-carboxyethyl) phosphine hydrochloride. Crystals grew to a maximum size of 0. For a selenomethionine-labeled crystal of form B, single wavelength anomalous diffraction data were collected to a resolution of 2.4 Å. Data were processed with HKL 46 or XDS. 47 Selenium sites in crystal form A were located with HKL2MAP, 48 and multiwavelength anomalous diffraction phases were calculated with SHARP. 49 A model of the SH2 domain was built with Coot, 50 and refined with CNS. 51 For crystal form B, phases were calculated by molecular replacement using PHASER, 52 with one molecule of the asymmetric unit of crystal A as a search model. Model building was done as for crystal A, and Refmac5 was used for refinement. 53 The X-ray and refinement statistics are given in Table 1 .
Phylogenetic analysis
Phylogenetic studies were based on published work. 17 The amino acid sequences of the proteins were downloaded from Swiss-Prot/TrEMBL. 54 The corresponding SH2 domains were predicted by SMART database, 55 and aligned with ProbCons. 56 The re-formatting of the alignment file to PHYLIP format was performed with Reformat (Bioinformatics Toolkit Max-Planck Institute for Developmental Biology). The unrooted phylogenetic tree was calculated with Proml (Protein maximum likelihood) and drawn by Drawtree, which are tools of the PHYLIP software package version 3.67.
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Yeast strains and cell growth for gene expression analysis S. cerevisiae strain S288C (MATa; SUC2; gal2; mal; mel; flo1; flo8-1; hap1; ho; bio1; bio6) was used for all genetic manipulations . A C-terminal TAP-tag was introduced to full-length Spt6 or to a truncated version (deletion of residues 1250-1451) as described, 68 yielding the strains spt6-TAP and spt6ΔC-TAP. The full-length spt6-TAP strain was used for replacement of the Spt6-promoter with an ADH1 promoter, 69 yielding the strain ADH-spt6-TAP. Expression of the TAP-tagged proteins was verified by resolving the total protein by SDS-PAGE (8% (w/v) polyacrylamide gel) and blotting onto a PVDF membrane. The membrane was probed with antibodies against the TAP-tag (PAP, Sigma) and tubulin (3H3087, Santa Cruz Biotechnology) as a loading control. Bound antibodies were detected by chemiluminescence (ECL Plus Western Blotting detection system, GE Healthcare). For tubulin, peroxidase-conjugated AffiniPure Rabbit Anti-Rat IgG (H+L) (Jackson ImmunoResearch) was used for detection. Detection was carried out with the LAS-4000 mini detection system (Fuji) and signals were quantified in relation to the tubulin loading control using the Multi Gauge software (Fuji). All TAP-tagged strains were grown at 25°C in YPD medium. Pre-cultures were grown to an absorbance at 600 nm (A 600 ) of 10-12 in the case of Spt6-Tap and the ADH1-spt6-TAP strains and to an A 600 of ∼7 in the case of the spt6ΔC-TAP strain. These pre-cultures were used to inoculate 30 ml of YPD to reach an A 600 of 0.1. Cells were grown at 25°C to midlog phase (A 600 0.8) and then harvested. The final A 600 values were consistently reached after 7 h or 13 h for the wild type and mutant strains, respectively. Cells were pelleted by centrifugation (2 min at 4000 rpm and 20°C, Rotana 460R, Hettich). The supernatant was discarded, and the pellets were flash-frozen in liquid nitrogen, and stored at -80°C. Biological triplicates were grown from three distinct yeast colonies.
RNA preparation
Total RNA was extracted with the RiboPure-Yeast Kit (Ambion/Applied Biosystems) according to the manufacturer's instructions. Any remaining DNA was removed by the treatment with DNase I that was part of the RiboPureYeast Kit. RNA quality was assessed by 2% (w/v) agarose gel electrophoresis (RNAse-free ready-to-use gels, Invitrogen). RNA concentrations and purity were determined by measuring the absorbance at 260 nm and at 280 nm (ND-1000 spectrophotometer, NanoDrop Technologies). The A 260 /A 280 ratios were in the range 2.10-2.20 for all RNA samples. The RNA yield was usually 80-150 μg.
Microarray handling
RNA was hybridized to GeneChipYeast Genome 2.0 arrays (Affymetrix) as described in the users' manual, using the GeneChip Expression 3′ Amplification OneCycle Target Labeling and Control Reagents kit. Briefly, 1 μg of total RNA was reverse transcribed using a bacteriophage T7 oligo(dT) primer. Following secondstrand cDNA synthesis, the double-stranded cDNA was purified as a template for the subsequent in vitro transcription reaction. Linearly amplified, biotin-labeled complementary RNA (cRNA) was synthesized in the presence of a biotinylated nucleotide analog. The labeled cRNA was purified and the quantity of each cRNA sample was determined by measurement of absorbance at 260 nm and at 280 nm (ND-1000 spectrophotometer, NanoDrop Technologies). The quantities were N 90 μg of cRNA for all samples, and 15 μg of each cRNA sample was fragmented by metal ion-catalyzed hydrolysis. The success of the cRNA fragmentation process was evaluated by 4% agarose gel electrophoresis (ready-to-use gels, Invitrogen). A 5 μg sample of the labeled and fragmented cRNA was hybridized to the arrays at 45°C for 16 h with constant rotation at 60 rpm in a GeneChip Hybridization Oven 640 (Affymetrix, Santa Clara, CA). Washing and staining of the arrays was done with a FS450_0003 script of the Affymetrix GeneChip Fluidics Station 450. The arrays were scanned using an Affymetrix GeneChip Scanner 3000 7G. To minimize errors, samples were processed in parallel and arrays were scanned the same day.
Gene expression data analysis
Raw signal intensities for each probe set in the .CEL files were analyzed using version 6.4 of the PARTEK GENO-MICS SUITE software (Partek Inc.). Data were filtered by application of an expanded mask file that was based on the s_cerevisiae.msk file of Affymetrix, to mask the S. pombe probe sets, unspecific probe sets, and replicate probe sets of S. cerevisiae. The robust multiarray average (RMA) normalization method 58 was used for RMA background correction, quantile normalization and medianpolish probe set summarization. Expression values were transformed to log 2 before statistical analysis. A sample intensity plot was calculated, showing that the data were normally distributed for all samples, as well as the homogeneity of variance (no outlier), which also indicated the great similarity of biological replicates. A hierarchical cluster analysis of samples supported the latter point, since the biological triplicates of the mutant strain and of the wild type strain form two highly distinct clusters (Fig.  6b) . Genes that were expressed differentially between wild type and mutant strains were detected with one-way analysis of variance (ANOVA), a statistical technique used to compare means of two or more samples implemented in PARTEK. A linear contrast was used to compare mutant samples with baseline wild type or over-expression samples, respectively. The recovered P-values of the comparisons were then corrected using a step-up false discovery rate value of 5%. 59 The resulting list of significantly differentially expressed genes was filtered to include only genes that demonstrated twofold or greater up-or down-regulation. For gene ontology (GO) analysis of significantly over-represented biological processes, the list of Affymetrix probe set identification numbers of differentially expressed genes was analyzed with the Gene Ontology Enrichment Analysis Software Toolkit GOEAST, 60 which is based on the GO database.
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Only over-represented biological process terms with a recovered P-value b0.02 were considered.
Hierarchical cluster and correlation analysis
Hierarchical cluster analysis was performed for gene expression data of strains dst1Δ (deletion of the gene encoding TFIIS), spt4Δ, rtf1Δ, and spt6ΔC-TAP (as compared to wild type as well as to the over-expression strain) yeast strains. The Spt4 as well as the Rtf1 data are from Ref. 34 and were downloaded from the Longhorn Array Database (ExptID: 5649, 5360, 5387, and 5618).
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The log-fold change values of the averaged data sets were anti-logged and values b 1 were transformed (-1/x) to yield symmetrically distributed fold change values. In total, the hierarchical cluster analysis was performed for yeast genes that showed a fold change of N 2.0 or b -2.0 in at least one of the mutants (a total of 964 genes). Hierarchical cluster analysis was calculated using the TIGR MeV application, 63 thereby choosing average linkage as the linkage method and Euclidean distance as the distance metric. Pearson's correlation was calculated in R version 2.8.1. and Microsoft Excel. The respective correlation coefficient (r-value) was calculated for each pair of elongation factor mutant strains and was based on the respective lists of significantly altered genes.
Protein Data Bank and ArrayExpress accession numbers
Coordinates and structure factors have been deposited in the Protein Data Bank with accession numbers 3GXW and 3GXX for crystal forms A and B, respectively. Microarray data were deposited in the ArrayExpress data bank with accession number s E-MEXP-2123.
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